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Coronal Structure Inferred from Remote
Sensing Observations

William C. Feldman

Los Alamos National Laboratory, MS D466
Los Alamos NM 87545

Abstract. Remote-scnsing  observations of the Sun and inner
heliosphere are rcviewed to appraisc our understanding of the mix of
mechanisms that beat the corona and accclerate the solar wind.  An
assessment of experimental uncertaintics and the basic assumptions
needed to translate measurabics into physical models, reveals very large
fundamental uncertainties in our knowledge of coronal structure near the
Sun. We develop a time-dependent, filamentary model of the extended
corona that is consistent with a large number of remote sensing
observations of the solar aimosphere and the solar wind.

INTRODUCTION

Although we have known for more than 50 years that the Sun’s corona is more
than ten times hotter than its photosphere'. we still do not know the mix of non-
thermal mechanisms that supply the necessary energy. This gap in our knowledge
exists despitc a large effort devoted to this task (sce, e.g., /2/, and references
therein). The central problem is that our entire data base rests on remotc sensing
observations, which do not have unique interpretations regarding details of coronal
structure. Nevcertheless, much is generally known from a combination of
observational constraints, augmentcd by theory.  These observations have included
both scattered and directly emitted photons from the extended solar atmosphere, and
in situ particles and ficlds observations measured beyond 0.3 AU. No data from in
situ measurements of coronal structure exist at distances within 0.3 AU of the Sun.

The solar corona as viewed in white light or soft X rays appears to be composed
of streamers that extend outward from helmet-like closed-{icld structures.  Coronal
holes, defined by a very low rate of photon cmission, fill the space between
strcamers.  This quiescent state is disrupted at times by coronal mass ¢jections
(CMESs). dctfined by the sudden expulsion of large volumes of relatively dense gas.

The outer portion of the corona as viewed through in situ observations ot the
solar wind, has three distinct states: the slow-speed and high-speed solar wind, and
CMEs. Whereas slow-speed solar wind appcars to onginatc in the gencrally
magneucally closea corona, high-spced solar wind onginates n coronal holes.
CMEs as identified by several intnnsic characteristics in interplanetary space have
been shown to be extensions of CMEs seen closer to the Sun through their transient
enhanced photon emission’.

Interpretations of the solar wind beyond 0.3 AU have identitied the slow
solar wind and CMEs as most-probably dnvea by ume-dependent, spatially-
structured processes in the low corona™’, and the high-speed solar wind as driven
by quusi-time-stationary, structure-free coronal processes” . By structure-free we
uean that the time dependences of heating processes that drive the wind are much
less than the convection times over coronal distance scaies, nceded to fill the
vverlying iayers with smoothly outtlowing gas.

We presently do not undenstand the mechunisms that suppiy the energy
needed 10 maintain any of the foregoing classes of coronal structures.  However,




we expect the task of determining thosc that heat coronal holes and dnive the high-
speed solar wind to be the simplest, because of their ncarly structure-free. ume-
stationary appcarancc. Rcgardless of simplicity though, coronal holes and lhcu'
high-speed cxtensions are important because they fill most of interplanctary space®

". We will theretore concentrate here on what is known, and needs to be known,
about the state of the solar corona that supports a high-speed solar wind.

Our approach will build directly on properties ot coronal gas at hchiocentric
distances Icss than 5.5 solar radii (R,) and beyond 0.3 AU. as inferred from a wide
varicty of remote-sensing observables. Rather than develop a single model that
scems to be consistent with many of these obscrvables (as done, e.g., by /11,12/ ),
we will attempt to illustrate the range of conditions that are consistent with the
obscrvables as directly measured, but subject te difterent, yet plausible
interpretations.  Previous such attempts assumed a steady-state expansion that
continuously fills the corona near the Sun'>"7 _ If correct, then the fluid mass
conservation equation,

N(R) V(R) A(R) = NeVe Ag, (H

can be used to determine V(R) given: |) the solar wind particle flux measured at
Earth, NV, 2) the areal expansion factor of individual stream tubes relative to that
at Earth, AJA(R), and 3) the profile of coronal demsities, N(R). inferred from
coronagraph observations.

Once V(R) 1s known, e radial dependence of total pressure can be
determined from the momentum equation,

MMNV(dV/dR) = - dP/AR - NGMsmpM/RR,), ()

where mp is the mass of the proton, M is the mean molerular weight ot the gas, P
is the total pressure (which includes contributions {from the thermal plasma, waves,
and possibly other sources of miomentum). G is the gravitational constant, and M,
is the mass of the Sun. We define a~ cifective tcmperature. T,y through the
relation, P = NKkT 4, where k is Boltzmann's constant.

OBSERVABLES

Depsity; The profile of Jdensity in the radial range between 1.16 and 5.5 R, has
been inferred from the measurcd polarized brightness of Thomson-scattered white
light from the osphere. Densitics have been inferred under the assumption of
an absence of fine-scale filamentation. Four such determinations at polar latitudes

near A=90" are reprachiced in Figure 1'% '° Al curves are as given n the
literature except that from Saito 719/, which used his combined latitude-radial
distance formula averaged between A = 80” and 90".  Inspection of Figure 1 shows
that three of the four profiles are closely similar, but differ markedly from that
obtained by Saito at distances larger than about 2 R,. We will not use the Sailo
profile in our subscqucnt cstimates of coronal conditions because it cannot supply
the observed solar wind mass flux at 1 AU". Nevertheless, we note that the large
discrepancy evident in Figure | either means that densities within coronal holes can
vary with time, or undcrscores the potentially large uncertainties in the procedure
used to transiate polarized brightness measurements to plusma densities. Pubilishwd
uncertaintes range between about £15% and +35% wt distances between 116 and
5.5R'" The remaining three profiles all agree within these uncertainties.
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Figure 1. An overlay of
radial profiles of coronal
density  determined  from
coronagraph data for four
different coronal holes at polar
latitudes.
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it is not clear how much ot these unocnmnucs reler to the absolute scale of
densities and how much to their relative radial protile. We note though. that the
profiles as published can all be fit with functions of the form, Ni Rx=XaR?™ . where
N(R) is the profile of electron density, R is the heliocentric radial distance in R..
and the a, and p, are constant coetficicnts'*"’.  We note further that tor ail three
profilcs, the power law index, p;. at large distances is greater than 3'’.  Resultant
large radial rates of density decrease indicate the need for continued acceleration out
0 5.5 R,, or for non-stativnsry flow conditions'’.

Magpetic Flux-Tube Tonology: A sccond fundamental characteristic needed to
specify the state of the corona (see Equation 1) is the non-radial divergence of the
magnetic field, F.,,(R), which defines the areal expansion along individual strean
lines. Specifically,

A(R) = R’ F.,,(R), 3)

where A(R) is the profile of flux-tube areas. This problem has been upproached in
several ways. One method is to model the most simple form of the corona, that
observed at solar minimum, as a magnetic dipole augmented by an axisymmetric
current sheet in its equatorial plane’. In this case.

F..,(R) = 2R + R/[a(a+R)’]. ()

This model maps all of interplanetary space at large distances into both polar caps.
If "a’ ts determined by requiring the asymptouc value of F,,, 10 cqual thut modelied
during the polar passages of Ulyssess' ™™, Foyp(00)=10.4, then "a’=5.2.

A second method is to model the boundarics of a polar hole and assume that al!
magnetic flux tubes within the hole expand homologously.  This method was

adoptced for analysis of the polar holc observed by Skvlab", vielding,

Feip(R) = Finay {expl(R-Ry)/0} + F }/{exp{(R-R))O] + i} (5




where Fi=1-(Fg,,- Dexpl{R,-R V0, Foo,=7.26, R;=1.31, R,;=R,, and 6=0.51.

A last method is 10 adopt a combined source-surface and current-sheet model of
the corona®.  This model is fully specificd by the boundary condition at the
coronal base given by the photospheric magnetic field measured by the Wilcox solar
Observatory (WSO), and by adoption of a current sheet that follows the observed
magnetic equator of the Sun.  The resultant radial profile at polar latitudes

calculated during the time of the Ulysses polar passage, can be modelled by”.
Fep(R) = [10.4 exp(R/D)-8.4 exp(1/D)exp(R/D)+expi 1/D)]. (0)

Selected profiles are compared in Figurc 2. Their differences uanslate direcdy into
uncentainties in the coronal flow state through use of Equations 1 and 2.

Figure 2. An overlay of
| four models of the non-radial

-—.ig) expansion factor of polar
U/gﬁl N mapgnfmetic flux tubes. The
HF—o—0———4& curves marked by circles and
+ squares are fits to thc mean

- profile of Wang ot al.®

calculated when Ulysses was

poleward ot £60° heliographic

latitude. The profile estimated

by Munro and Jackson' is

marked by diamonds, and that

for the McKenzie et al’

model is marked by tnangles.
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M :  Temperatures of electrons in ceronal
holes have been inferred from a varicty of remote sensing observations™ .
Although mos. cbservations can be reconciled with a single, spatially uniform
temperature * = is less than 1.3 x 10° K for R < 1.6, analysis of Yohkoh SXT
soft X-ray data viclds temperatures in the range hetween 1.8 and 2.4 x 10° K at
distances less than 1.1 R;Z2.  One possible resolution to this discrepancy is that
plasma in coronal holes near its base is not spatially uniform. Instead of a single
structure-free medium, it may consist of an ensemblc of thin filaments having
different plasma states. 1t is of course also possible that this discrepancy results
from uncertainties that arc iraccable to interpretations of different observables.  We
note though that ohscrvations of line shapes of Ly @ at 1.6 R, indicatc two-
components having temperatures of 1.6x10" K and 7.6x10° K, respectively®.
State i ; . The recent polar travense of
Ulysses™®, and measurements of the white-light corona by Spartan-201'°, has
provided the observational underpinnings necessary to use Fquanons | and 2 to
solve for profilcs of solar wind speed and pressure near the Sun. Al the ume ot




this traverse. the solar cycle was approaching minimum conditions. the solar corona
had developed the appearance of a simple dipolc augmented by a planar cumrent
sheet that paralleled the Sun’s rotational cquatorial plane. and both poles of the Sun
were covered by large-area coronal holes.  However, before proceeding 1o solve
Equations | and 2, we first need to resolve an csscntial ambiguity in interpretation
of thc observables.  Is thc gas that resides in the corona within coronal holes
smoothly distributed (having plasma charactenistics that do not vary sharply in
space or time), or is coronal structurc composed of an cnsemble of many thin
filaments that are filled with transient jets of rclatively dense, fast-moving gas?
Discrimination between these extremes is not possible from remote-sensing
observatons because they necessarily integrate over a large volume of gas along the
line of sight. Even though the polar corona generally appears to be relatively free
of fire-scale structure, many auxiliary observations suggest existence of non-
stationarity and/or fine-scale filamentation: 1) Jets of ~10° K gas gencrated by
explosive cvents are observed on every ficld line open to the corona at rates
between 7.5 and 15 times a day'**. ~ Additional, apparently unrclated jet-like
phenomena seen at ~10° K are macrospicules™. 2) Jets of ~2x10° K gas are seen
in soft X rays to originate at bright points both within and outside of coronal holes.
and extend upward to altitudes as high as 4x10° km*. 3) High-pass-filtered
pictures of the polar corona in white light show striations having angular widths
that mawch the diameters of supergranules'®®.  These striations have been
associated with polar plumes, which have a lifetime of hours to days™. 4) Spectra

of Ly @ in Coronal holes reveal two superimposed components (1.6x10° X and
7.6x10° K)®. 5) Structure functions of scintillations of radio waves from sourccs
occulted by the solar corona between about 2 and 6 R, reveal density stnations that
have large axial ratios aligned with the heliocentric radial®. The apparent speeds of
cohcrent patterns of these fluctuations range between 400 and 1280 km s ', And
6) velocity distributions of protons throughout the high-speed solar wind beyond
0.3 AU reveal two relatively convecting, interpenetrating components™ >,

Becausc it is not possible to decide between the foregoing altematives from
cxisting remote-scnsing obscrvablces, both assumed states nced to be given equal
credibility at the outsct.  Such an analysis was conducted recently'’.  Inversion of
Equation 1 to deterimine the speed profile ncar the Sun under the assumption of a
spatially and temporally uniform corona is relatively straighttforward.  Sample
results for non-radial expansion factors given by Equatiors 4 and 6 are shown in
Figure 3. They differ markedly throughout the radial distance range that 1s shown,
although both profiles have the same asymptotic cxpansion factor, 10.4. Indeed,
their difference amounts to more than a factor of three for R between 2 and 5.5.

Derivation of speed profiles under the assumption of an intnnsically filamented
corona consisting of spatially -discrete jets of relatively dense, fast plasma, 15 given
in/17/. Each jet is assu 10 be separated by refatively slow and low density gas
from the ambicnt solar wind and/or ﬁm rarefaction region generated from evolution
of the trailing pant of thc previous jet. A represcntative speed profile determined
from Equation 1 is shown in Figure 3. Inspection shows it to have a very different
character than either of the two steady-state profiles.  Rather than increasing
monx .onically with increasing radial distance, it maximizes at ~1300 km s ' at ~1.5
R, before decreasing to a constant terminal speed (at 5.5 R,) of ~780kms'. When
onc considers the very large uncenainties in determining this speed profile from
measured observables using Equation 1, it can only be tortuitous that this speed is
very close to that measured by Ulysses, V= 770+ 23 km s

Given the foregoing speed profiles, one can proceed to estimate the profile of
plasmu pressure, and hence an effective temperature, from Equation 2.  Because
this cquation was derived under the explicit assumption of ume stationarity, 1t can




—o— Steady, D=1.44
= Pulsed, D=1.44
->— Steady, 'a'=5.2

= Figure 3. Overlay of
; solar wind speed profiles
; determined for three different
. assumptions  of  coronal
topology.  See the text for

+ details.

r-

] LI AN AR § 'l v
S0 .}w@t_ﬂﬁ
Bog "o

AR R A8 B

Gx;

[PERURDUNNY G

10
Radial Distance (Rs)

only be applied for the steady-state modcl of the polar corona.  The result is
prediction of a broad distribution of very hot cffective temperatures, approaching a
maximum closc to 10’ K at about 4 R ", Such high extended temperaturcs require
extended heat and/or momentum input to the accelerating plasma.

SUMMARY AND DISCUSSION

Summary of Results:  Models of the coronal flow state were denved from
representative sels of remote-sensing data using two  extreme, vet credible
assumptions. The first assumed a steady-state, spherically symmctric (Tow that
fills the corona near the Sun.  Resultant profiles of {low speed are monotonically
increasing out to, and perhaps beyond, 5.5 R,, but differ markediy in magnitude
because of large uncertainties in both the observables and their analysis procedures.
All such profiles require extended cnergy and/or momentum additions in vrder
maintain an extended positive acceleration.

An alternative assumption is that the corona is filamentary and time dependent.
Such an assumplion is supported by a host of remote-sensing observauons
summarized in section 2. Its adoption yields a speed profile that is very different
from that which results from a steady-state model using the same data.  In contrest
to the monotonic acceleration of plasma out 0 ut least 5.5 R,, the speed profile
reaches a maximum at ~1.5 R,, and then decreascs 1o a constant value at 5.5 R..
Of course, all speed profiles between the steady-state and pulsed-model profiles
shown in Figure 3 are possible if only a fraction of the coronat magnetic flow tubes
map to supergranuic ccils that support reconnection driven transients.

Derivation of the pressure profile for the pulsed model is not simpie because un
explicitly time-dependent hydrodynamic analysis is required.

—-li—--—m

Dixcussion: A schematic Pictum of an assumed filamentary, time-dependent

coruna has been assembled'’ from a host of remote-sensing observables.  The
resultant picture is shown in Figure 4. [t is composed of un ensembie of 2.5%-wide
flow tubes extending between the photosphere and ~14 R,.  The radial segiments on




Figure 4. Schematic
representation of  coronal
structure near the Sun under
the assumption that the entire
corona 1s composed of an
ensemble of  filamentary,
episodically injected discreic
parcels of relatively densc and
fast jetting gas. Scc the text
for details.
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each flow tube that correspond to the most recently faunched jets are colored red,
those that correspond to the previously launched jets are colored bluc, and those
that correspond to an overiap betwcen two jets are colored green.  The remaining
scgments are left white.

Inspection reveals several interesting observations.  First, there are a lot of
‘empty’ flow-tube segments between discrete jets at radial distances suaward of 6
R,, but very few such segments beyond 6 R,. Surface currents must flow along all
boundarics bciween the jet segments and their neighboring low deasity ‘cmpty’
segments. in order to confine the jets to their flow tubes by J X B forces.
However, these currcnts arc unstablc to the generation of clectrostatic dnft waves
having k vectors perpendicular to B and wavelengths of the order of the proton
eyroradius®. Such a configuration is consistent with IPS observations ™", I
provides a natural (and to our knowledge. the only) explanation for their obscrved
radial profile (i.e., the axial ratios of density irregularities decrease sharpiy
from values greater than 10 at distances less than 6 R,, to unity at larger distances).
Resuitant density gradients cvident in Figurc 4 should provide conditions that are
prime for the enhanced damping of Alfvén waves through application of a host of
non-standard processes summarized by Parker'’.

We also note from Figurc 4 that interactions between the leadimg cdges of
succeeding jets and the trailing edges of preceeding jets begin beyond -6 R, where
the tlow 1s collisionless yet sull sub-Altvénic. A very complex interaction should
develop, perhaps involving the gencraton ol strong forward and reverse
clectrostatic shocks.  This nteraction should have measurable consequences at
radial distances well beyond 14 R,. A determination of this :mieracuon and its
consequences nceds to be pursucd.
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